The RADI gene of Saccharomyces cerevisiae is required for the incision step of excision repair of damaged DNA. In this paper, we report our observations on the effect of the RADI gene on genetic recombination.
In the yeast Saccharomyces cerevisiae, 10 genes, RAD1, RAD2, RAD3, RAD4, RAD7, RADIO, RAD14, RAD16, RAD23, and MMS19, are known to be involved in excision repair of DNA damaged by UV light and by other agents that deform the DNA helix. The radi, rad2, rad3, rad4, and radiO mutants are highly sensitive to UV light and to other DNA-damaging agents and are totally defective in the incision of damaged DNA (18, 27, 36) . The mms19, rad7, radI4, radi6, and rad23 mutants are not as sensitive to DNAdamaging agents and differ in excision proficiency from each other (18, 19) . In their absolute requirement for incision, the RADI, RAD2, RAD3, RAD4, and RADIO genes of S. cerevisiae resemble the Escherichia coli uvrA, uvrB, and uvrC genes. The UvrABC enzyme complex of E. coli cuts the damaged strand at two sites, which are 7 to 8 nucleotides 5' and 3 to 4 nucleotides 3' from the damage (29, 37) . The UvrD and Poll enzymes catalyze the release of the UvrABC enzyme complex from the damaged site (4, 10) .
In contrast to the E. coli uvrA, uvrB, and uvrC genes, which are required only for incision of damaged DNA, some of the yeast incision genes seem to be involved in other cellular processes as well. The RAD3 gene, in addition to its role in incision, is essential for cell viability; rad3 deletion mutants are inviable (8, 21) , and various rad3 mutants that are defective only in the excision repair function or that are temperature sensitive for growth but proficient in DNA repair exist (22, 23 ; R. Schiestl and S. Prakash, unpublished observations). The RAD3 protein has been purified in our laboratory and shown to possess DNA-dependent ATPase and DNA helicase activities (33, 34) . The UvrD protein of E. coli required for turnover of the UvrABC complex is also a DNA helicase, but it moves on single-stranded DNA in the 3'-to-5' direction (17) , whereas RAD3 moves in the 5'-to-3' direction (33) , and, unlike RAD3, the UvrD protein is not required for incision of damaged DNA or for cell viability.
Since deletion mutations of RAD3 revealed a previously * Corresponding author.
unknown role for this gene, we have constructed deletion mutations of other DNA repair genes to examine whether they also affect other cellular processes. In this paper, we report on our studies of mitotic recombination in the radl deletion and point mutants and in other rad deletion or disruption mutants. We examined recombination in the wild-type and isogenic rad mutant strains carrying an intrachromosomal duplication of the his3 gene. In this duplication, one his3 gene bears a deletion at the 3' end and the other his3 gene is deleted at the 5' end (30a) (Fig. 1) . Our results show that, like the RAD52 gene, the RADl gene is required for recombination of the his3 deletion alleles. Furthermore, we found that the RADI and RAD52 genes affect this recombination via different pathways, since the frequency of HIS3+ recombinants decreased synergistically in radi radS2 double mutants. Unlike rad52 mutations (12) , however, radl mutations did not lower the recombination frequency of an intrachromosomal duplication of the his4 heteroalleles (alleles differing by point mutations) or the recombination frequency between heteroalleles on homologous chromosomes. Integration of linear plasmids and DNA fragments into homologous sites in the yeast chromosome was decreased by the radiA mutation, indicating that the RAD1 product acts at a stage after the formation of the recombinogenic substrate.
MATERIALS AND METHODS
Strains and media. E. coli HB101 (hsdR hsdM recAl supE44 lacZ4 leuB6 proA2 thi-i) was used. The yeast strains used are listed in Table 1 . Growth, minimal, and sporulation media were prepared as described previously (30) .
Genetic analyses. Sporulation, dissection of asci, and testing of spore colonies for markers and mating type were performed by standard methods (31) . Transformation and other procedures. Large-scale plasmid isolation from E. coli, E. coli transformation, and electrophoresis of DNA were performed as described previously (16) . DNA fragments were isolated from agarose gels by the Intrachromosomal recombination between his3 deletion alleles. Plasmid pRS6, which contains an internal fragment of the HIS3 gene was cut by a restriction enzyme within the internal his3 fragment and integrated into the genome at the HIS3 locus (a). This creates a duplication of the his3 gene in which one allele is deleted for its 3' end and the other is deleted for its 5' end, indicated by V (b). The two alleles share about 400 base pairs of homology and thus can recombine with each other to revert to the HIS3+ allele. As shown previously, HIS3+ recombinants do not arise by plasmid excision or by unequal sister chromatid exchange (30a) . In these studies the frequency of plasmid excision was determined by putting a yeast origin of replication sequence in the integrating plasmid. Excised plasmids could be recovered, but were 100-fold less frequent than HIS3+ recombinants were, which suggests that plasmid excision does not occur in the majority of recombinants. Reciprocal products expected to result from sister chromatid exchange were analyzed by Southern blotting. The pattern characteristic for sister chromatid exchange was not found in any of the 25 events examined. Thus, as a likely alternative mechanism, conversion between sister chromatids (c) is suggested, which results in deletion of the integrated plasmid on one chromatid (d recombinants (30a) . A double-strand break within the loop formed by unequal pairing in one of the sister chromatids could be extended to a gap by an exonuclease (panel c). This gap is repaired by gene conversion from the sister chromatid as donor (30a). method of Dretzten et al. (6) . Small-scale plasmid preparations from E. coli were made by a modification of the boiling method (9) . S. cerevisiae was transformed by treating intact cells within lithium acetate to promote DNA uptake (11 (25) . In the experiment shown in Table 8 Deletion of RAD genes. Isogenic yeast strains were deleted for different RAD genes (radA) by using the one-step gene disruption method to replace all or most of the open reading frame of these genes with the LEU2 or URA3 gene (28) . A 7-kb BamHI-BamHI DNA fragment containing the URA3 gene and flanked by the 5' and 3' RAD1 sequences was obtained from plasmid pRR27 (generously provided by P.
Reynolds) and used to replace the genomic RAD1 gene from positions -212 to +3853 (26) by the URA3 gene. In plasmid pRR27 the HindIII fragment of the RADI gene from positions -212 to +3853 was removed and replaced by the 1.1-kb HindIII URA3 fragment from plasmid YEp24. For replacing the genomic RAD1 gene from positions -212 to +3853 by the LEU2 gene, a 7-kb BamHI-BamHI DNA fragment containing the LEU2 gene and flanked by the 5' and 3' RADI sequences was obtained from plasmid pRR46 (26) and used to transform yeast strains to Leu+. The genomic RAD2 gene from positions +129 to +2911 (15) firmed by complementation analysis with known rad mutations. radi mutants. We used radl mutants in which the + 1 ATG or the +334 ATG or both ATGs in the coding sequence were mutated to ATC by oligonucleotide-directed mutagenesis and carried on a single-copy CEN plasmid, YCp5O (26) . In strain RS69-8B (Table 1 ) containing the HIS3::pRS6 recombination system, the RADI and RAD52 genes were replaced by URA3 and TRPI, respectively, and a ura3 mutant was selected on 5-fluoroorotic acid medium (3). Strain RS69-8B was transformed with the following plasmids carrying the RADI gene or various radl mutant alleles; pRR117 (RADI +), pRR113 (+1 ATC), pRR127 (+334 ATC), pRR129 (+1 ATC, +334 ATC), and pRR125 (which carried the radl gene deleted for 2.7 kb of 5' DNA including the first 12 RADI codons). These plasmids have been previously described (26) .
Determination of rates and frequencies of recombination. Plasmid pRS6 containing an internal fragment of the HIS3 gene, the LEU2 gene, and pBR322 sequences was integrated at the genomic HIS3 site. This resulted in two copies of the his3 gene, one with a terminal deletion at the 3' end and the other with a terminal deletion at the 5' end, separated by the LEU2 gene and pBR322 sequences (Fig. 1) . In cells carrying the genomic integration of plasmid pRS6, since about 99% of HIS3+ recombinants lose the LEU2 gene ( Fig. 1 ) (30a), the cultures used to select for HIS3+ recombinants were grown in medium lacking leucine to an approximate density of 107 cells per ml, and after being washed with distilled water the cells were plated onto medium lacking histidine. Since division of HIS3+ recombinants does not occur in the medium lacking leucine, the HIS3+ frequency is a measure of the recombination rate. This results in high reproducibility of spontaneous rates, and therefore only three cultures were needed for determination of the frequencies of HIS3+ cells in each strain.
Heteroallelic recombination in cells carrying an intrachromosomal duplication of the HIS4 gene was examined. In this construct, previously used by Jackson and Fink (12) , the genes are arranged in the chromosome in the order his4C pBR313 his4A, and each his4 gene has two point mutations in the his4A or the his4C gene. To select for HIS4+ recombinants, we grew five parallel cultures in synthetic complete medium to a density of about 107 cells per ml and washed and treated them as described below.
Mitotic interchromosomal heteroallelic recombination in the diploid strain S41, which is heteroallelic for several loci, was examined (Table 1) . Cells were grown for 2 days in liquid YEPD medium at 30°C to stationary phase and afterwards treated as described below. Five parallel cultures were used, and only the median values of the five cultures are shown (see Table 6 ).
For determining the frequency of recombinants, each parallel liquid culture was started from a single colony and grown at 30°C in the appropriate medium to the indicated density. Cells were collected by centrifugation, washed once with distilled water, and plated on appropriate medium for determining plating efficiency and recombination frequency. Colonies were counted after incubation of plates for 3 to 5 days at 30°C. All data given reflect the frequency of recombinants in cells capable of forming colonies on nonselective medium. When isogenic strains were used, the values given originated from at least three independent transformants. When congenic strains were used, the strain used was one of at least three different segregants which gave similar values.
x,
RESULTS
The RADI gene is required for intrachromosomal recombination between his3 deletion alleles lacking the 5' or the 3' end.
Recombination in the RAD+, radlIA, radS2A, and radlA radS2A mutants was examined by using isogenic haploid strains in which plasmid pRS6, containing an internal fragment of the yeast HIS3 gene, the yeast LEU2 gene, and pBR322 sequences, was integrated into the genomic HIS3 locus. This results in two copies of the his3 gene in the genome, one deleted at the 3' end (his3A3') and the other deleted at the 5' end (his3AS') ( Fig. 1) . The two his3 alleles share homology of about 400 base pairs. The mechanism by which HIS3+ recombinants are formed in cells carrying the his3 deletion alleles is not known; however, it was shown previously that reciprocal recombination involving plasmid excision or unequal sister chromatid exchange does not contribute significantly to the formation of HIS3+ recombinants ( Fig. 1) (30a) . A possible mechanism by which HIS3+ recombinants could be generated is by unequal sister chromatid conversion (Fig. 1) . aThe RADW, radlA, rad2A, and rad52A strains are isogenic.
b SD, Standard deviation.
In the RAD+ strain, HIS3+ recombinants occurred with a frequency of 3.6 x 10'-, and the radlA and radS2A mutations lowered this frequency about four-and sevenfold, respectively ( Table 2 ). The most striking effect was observed in the radlA radS2A double-mutant strain, in which HIS3+ recombinants were formed with a frequency almost 200-fold lower than in the RAD+ strain (Table 2 ). These results indicate that the RAD1 and RAD52 genes provide alternate means for recombination between the his3 deletion alleles. The rad2A mutation, on the other hand, did not reduce the frequency of HIS3+ recombinants, either as a single mutant or in a rad52A strain (Table 2) . Different radi mutations affect the DNA repair and recombination functions similarly. The effect of the RADI gene on recombination of the his3Y3' and his3A5' duplication in the radl A rad52A double mutant strain was further examined by transforming it with plasmids carrying the wild-type RAD1 gene or different radl mutant alleles. The RAD1 gene or mutant radl alleles were cloned into plasmid YCp5O, which is a single-copy, autonomously replicating yeast plasmid, because of the yeast CEN4 and ARS1 genes (14) . As expected, the RAD1 gene on the single-copy CEN plasmid pRR117 raises the HIS3+ recombinant frequency in the radlA radS2A mutant to the rad52A level (Table 3) . Three of the radl mutant alleles examined in this study were generated by oligonucleotide-directed mutagenesis and included mutation of the ATG (methionine) codon at position +1 in the RADI open reading frame to ATC (isoleucine) in plasmid pRR113, mutation of the ATG codon at position +334 in the RADI open reading frame to ATC in plasmid pRR127, and mutation of both ATG codons at positions +1 and +334 to ATC in plasmid pRR129 (26 Reynolds, unpublished observations). The +1 ATC mutation affects the DNA repair function of RADI; radlA cells bearing this mutant radl allele on plasmid pRR113 are UV sensitive, but the UV sensitivity of these cells is intermediate between that of the RADW and the radlA cells (26) . The residual level of UV resistance provided by the +1 ATC mutant radl allele probably derives from low-level translational readthrough from the +1 AUC codon in the radl mRNA. The radlA rad52A strain carrying plasmid pRR113 showed a somewhat higher HIS3+ recombinant frequency than the radlA rad52A strain without the plasmid (Table 3 ).
The +1 ATC radl mutation thus affects UV sensitivity and HIS3+ recombinant formation similarly, providing only for some of the DNA repair and recombination functions.
A change of the +334 ATG codon to the ATC codon has no effect on the DNA repair function of the RAD1 gene, since radlA strains carrying this radl mutation on the plasmid pRR127 are as UV resistant as the RADW strains (26) . The +334 ATC mutation also has no effect on the recombination function of the RADI gene (Table 3 ). The radl mutant allele, in which both ATG codons at positions + 1 and + 334 were changed to ATC codons in plasmid b The increase in recombination is relative to the radlA rad52A strain without a plasmid. (26) . The HIS3+ recombinant frequency in the radlA rad52A strain carrying the plasmid pRR125 was only marginally higher than in the radl A rad52A strain without the plasmid (Table 3) . Thus, three of the four radl mutations affect the DNA repair and recombination activities to a similar extent, whereas a fourth mutation (+334 ATC) has no noticeable effect on either process.
MOL. CELL. BIOL. RECOMBINATION EFFECTS OF S. CEREVISIAE RADI GENE
The RADI gene is not required for intrachromosomal recombination between the duplicated his4 heteroalleles. The effect of the RADI gene on heteroallelic gene conversion and on reciprocal recombination was examined by using haploid strains carrying a duplication of the his4 gene on chromosome III. In the his4 duplication, genes are arranged in the chromosome in the order his4C pBR313 his4A LEU2+. In the duplication, each his4 gene carries two point mutations, either in the his4A or in the his4C gene. Jackson and Fink (12) have shown that in Rad+ strains carrying this his4 duplication, ca. 75% of HIS4+ recombinants arise by gene conversion and ca. 25% arise by reciprocal recombination. They also showed that the rad52 mutation abolishes almost all of the gene conversion but has no effect on reciprocal recombination.
We observed about a 60% reduction in HIS4+ recombinant formation by the rad52A mutation, whereas the radlA mutation raised the HIS4+ recombinant frequency about twofold (Table 4 ). Since only reciprocal recombination occurs in rad52 mutant strains, we examined the role of the RADI gene in reciprocal recombination by determining whether the radlA mutation abolishes or reduces reciprocal recombination in the rad52A mutant. HIS4+ recombinant formation was only 50% lower in the radlA rad52A strain than in the radS2A strain (Table 4) . Thus, the RADI gene is not required for gene conversion or for reciprocal recombination of his4 heteroalleles.
Effect of the RADI gene on intrachromosomal recombination of the his3-43', his3A5' duplication and on recombination of heteroalleles located on homologous chromosomes in diploid cells. We examined recombination of the his3A3', his3AS' duplication in MATa/MATTa diploid cells in which one homolog carried the duplication of his3 deletion alleles, obtained by integration of plasmid pRS6 (Fig. 1) , and the other homolog carried a deletion of the entire HIS3 gene, obtained by gene replacement. HIS3+ recombinants occurred with a frequency of 2.9 x 1O' in the RAD+IRAD+ strain (Table 5) , similar to the rate observed in RAD+ haploids (Table 2) . In diploid cells, the radlA mutation lowered the HIS3+ recombinant frequency about threefold. On the other hand, recombination between ade2, hisl, trpS, and arg4 heteroalleles located on homologous chromosomes was two-to fourfold higher in the radlAlradlA strains than in the RAD+IRAD+ strains (Tables 5 and 6 ). Interchromosomal heteroallelic recombination frequencies were reduced in the radS2AI radS2A strains, but no further reduction occurred in the radlAlradlA radS2Airad.52A strain (Table 6 ). Thus, in diploids, as in haploids, the RADI gene is required for intrachromosomal recombination of the his3A3', his3AS' duplication but not for heteroallelic recombination.
RADI function is required for elevated recombination in cdc9 strains. The CDC9 gene of S. cerevisiae encodes the DNA ligase enzyme (2) . At the restrictive temperature, cdc9 mutants are defective in joining Okazaki fragments (13) , and even at the permissive temperature, cdc9 mutants show elevated frequencies of recombination (7, 20) , presumably because of the increased lifetime of DNA nicks. RAD+ CDC9+, radlA, cdc9, and radlA cdc9 strains carrying the his3A3', his3A5' duplication were grown at 25°C, the permissive temperature for cdc9, and the frequency of HIS3+ recombinants in these strains was determined (Table 7 ). In the cdc9 strain, the HIS3+ recombinant frequency was 30-fold higher than in the wild-type strain, and the radlA mutation lowered the HIS3+ recombinant frequency in the cdc9 strain about 12-fold (Table 7) . Since the radlA mutation did not eliminate all the hyperrecombination in the cdc9 a The strains were isogenic to S41, except for homozygosity for RADW. radlA, rad52A, or radlA radS2A. Recombination frequencies were determined for hisl-l/hisl-315, trp5-121trpS-27, and arg4-31arg4-17 heteroalleles.
The values are medians of results obtained from five parallel cultures. strain, the residual recombination observed in the radlA cdc9 strain presumably occurs via the RADS2 pathway; however, because of the lethality of rad52 cdc9 double mutants (20) , this could not be directly confirmed.
RADI affects the integration of linear DNA molecules into homologous genomic sequences. Plasmids that do not carry an S. cerevisiae origin of replication transform S. cerevisiae by integration into homologous chromosomal sequences. Transformation by integrating plasmids occurs at a low frequency. Introduction of a double-strand cut in the region of plasmid DNA homologous to the yeast chromosomal DNA increases the transformation frequency by several orders of magnitude, and integrations are targeted to the region of homology in the genome (24) . These studies have clearly shown that double-strand breaks are highly recombinogenic in S. cerevisiae and that broken ends of DNA molecules interact directly with the homologous sequences in the yeast chromosome. The rad52 mutants are defective in the integration of linear DNA molecules (24) .
We examined the transformation efficiency of RAD+, radlA, rad2A, and radS2A strains with linear DNA molecules. The yeast integrating plasmid pSP56 was targeted to integrate at the genomic RAD3 locus by a double-strand cut within the RAD3 gene. The transformation frequency was ninefold lower in the radlA strain than in the RAD+ strain (Table 8) . We also examined the transformation efficiency of a linear DNA fragment which was derived from the plasmid pDG95. This DNA fragment contains the URA3 gene in the middle and is flanked by the HIS3 sequences at both ends. The flanking homology with the HIS3 sequence targets the DNA fragment to integrate at the genomic HIS3 gene (28) . In this case, the radlA mutation lowered the transformation frequency almost 50-fold. The rad2A mutation showed little or no effect. As expected, the rad52A mutation almost abolished transformation with both types of DNA molecules (Table 8) . DISCUSSION We have observed that the RADI gene, which is required for incision of UV-damaged DNA, also affects recombination. The radlA mutation lowered the frequency of HIS3' recombinants in cells carrying an intrachromosomal duplication of the his3 gene, in which each his3 allele bears a terminal deletion at the 3' or the 5' end (Fig. 1) . The radlA and the rad52A mutations individually reduced the frequency of HIS3+ recombinants to 15 to 23% of the Rad+ level, whereas the radlA rad52A double mutation lowered this frequency synergistically. From these observations, we conclude that the RADI and RAD52 genes mediate recombination between the his3 deletion alleles via different pathways. Other workers have observed that transcriptionally stimulated mitotic intrachromosomal recombination is reduced in radi mutants (R. L. Keil, personal communication; R. J. Rothstein, personal communication).
In contrast to the effect on the formation of HIS3+ recombinants from the his3 deletion alleles, the radlA mutation reduced neither the frequency of intrachromosomal recombinants in a duplication of his4 heteroalleles bearing point mutations nor the frequency of recombination between heteroalleles located on homologous chromosomes. Previous studies also did not indicate any effect of the RADI gene on interchromosomal heteroallelic recombination in mitosis or meiosis (5, 32) . The RAD52 gene, on the other hand, is required for gene conversion, but not for reciprocal recombination (12) , and integration of linear plasmids and DNA molecules is abolished by rad52 mutations (24) ( Table 8) . Our results show that RAD1 also affects the integration of linear DNA molecules, but the effect of the radlA mutation on integrative recombination is less pronounced than that of the rad52A mutation (Table 8) .
In contrast to the RAD1 gene, the excision repair genes uvrA, uvrB, and uvrC of E. coli are required only for incision of damaged DNA and not for recombination. Unlike RADI, the other excision repair genes of S. cerevisiae that we have examined, RAD2, RAD3, and RAD4, do not affect recombination. The rad2A and rad4A mutants show no reduction in recombination of the his3A3', his3A5' duplication (Table 2 ) (R. Schiestl and S. Prakash, unpublished observations), and various rad3 mutants show elevated recombination of the his3A3', his3A.5' duplication and of various heteroalleles (Schiestl and Prakash, unpublished observations). Other studies did not show any effect of mutations in the excision repair genes RADI, RAD2, RAD3, RAD4, RAD14, and RAD16 on heteroallelic recombination in mitosis or meiosis (5, 32) .
The rem mutations of the RAD3 gene confer on yeast cells a semidominant hyperrecombination phenotype, and the RADl and RAD4 genes have been shown to be required for the elevated levels of heteroallelic recombination observed in the rem strains (19a) . In the remi radl and rem] rad4 mutants, heteroallelic recombination between homologs drops to the RAD+ level (19a) . Since mutations in genes involved in the incision step of excision repair affect recombination in the rem strains, the involvement of these genes in rem recombination can be explained if the excision repair complex carrying the rem subunit acts aberrantly and nicks DNA even at undamaged sites. Aberrant nicking by the rem incision complex would result in elevated recombination, whereas a mutation in any of the subunits of the complex would render the complex inactive and thereby lower recombination in rem strains to wild-type levels. In contrast to recombination in the rem strains, only the RADI gene affects intrachromosomal recombination of the his3 deletion alleles and integrative recombination of linear DNAs studied by us and transcriptionally stimulated recombination studied by others (Keil, personal communication), whereas mutations in the other excision repair genes, such as RAD2 and RAD4, do not affect these recombination events.
In excision repair, RADI affects the incision step, whereas in recombination, RADI seems to act after the formation of the recombinogenic substrate. The radlA mutation lowered the elevated recombination frequency of the his3A3', his3A5' duplication in the cdc9 strain. In the cdc9 mutant, defective in DNA ligase, slow joining of the newly synthesized DNA fragments during DNA replication, even at the permissive temperature, will increase the frequency of nicks in DNA. These nicked DNA regions would promote recombination by providing single-stranded DNA for invasion of the other chromatid. The RAD1 protein could possess an activity that promotes strand invasion. Another possibility is that RAD1 produces the recombinogenic substrate by nicking DNA. In CDC9 cells, DNA ligase joins these nicks so that they are no longer recombinogenic; enhanced recombination in cdc9 mutants thereby arises from the RADl-generated nicks. However, if the hyperrecombination phenotype of the cdc9 mutant were due to RADl-generated nicks, then we might expect the radlA mutation to suppress the slow-growth phenotype of cdc9 strains at semirestrictive temperatures. Since this was not observed, and because of slow joining of Okazaki fragments in cdc9 mutants, we consider this possibility to be unlikely. Our observation that the radlA mutation reduces the frequency of integration of linear plasmids and DNA fragments into the yeast genome ( Table 8 ) strongly suggests that the RADI requirement in recombination occurs at some stage after the formation of the recombinogenic substrate.
Integration of linear plasmids and DNA fragments into homologous sites in the yeast genome has been proposed to occur by a process that involves the enlargement of the double-strand cut to a gap flanked by 3' single-stranded regions. The gap is then repaired by two rounds of repair synthesis by using the two strands of genomic DNA as a template (24, 35) . In this scheme, RAD1 could have a 5'-to-3' exonuclease activity that enlarges the gap and makes the single-stranded DNA with a 3' end available for invasion of the homologous duplex, or it might possess a DNA-unwinding activity that facilitates strand invasion. Alternatively, it might affect repair synthesis initiating from the invading 3' end.
The synergism between the RADI and RAD52 genes in generating the recombinational events can be explained if these genes encode alternate activities that promote strand invasion or affect repair synthesis. In that case, if one activity is absent, the other could partially compensate for the missing activity, whereas the absence of both activities would cause a severe reduction in recombination (Table 2) . Since RAD52 has a more pronounced effect on various types of recombination than the RAD1 gene, the RAD52 product is expected to act on a more diverse set of recombination intermediates than the RADI gene product.
At least two explanations can account for the involvement of RADI function both in the incision step during excision repair and in a step subsequent to the formation of the recombinogenic substrate during recombination. (i) In contrast to E. coli, in S. cerevisiae and other eucaryotes, incision of damaged DNA could be tightly coupled with excision and repair synthesis. If all of the enzymes required for incision, excision, and repair synthesis are components of a large multiprotein complex, then a defect in any one of the proteins might render the whole complex defective in the initial incision step. In that case, RAD) could play the same role in excision repair as in recombination; for example, and as suggested earlier, RADI could be involved in exonucleolytic degradation or in unwinding of the nicked DNA strand in both processes. (ii) Different domains in the RAD1 protein could be responsible for its action in excision repair and in recombination. This could occur either because of different biochemical activities in these domains or because of differential interactions of these domains with the repair and recombination protein complexes. If so, it should be possible to obtain radi mutations that affect only the excision repair or the recombination function.
